Abstract: A series of polyether chelating resins with pendent biphenyl mesogenic groups were synthesized, and the chemical structure of monomers and polymers were confirmed by IR and 1 H NMR detection. The thermal properties of resins were investigated by the Differential Scanning Calorimetry (DSC) and Polarizing Microscopy (POM), and the results showed that only the product of polyepichlorohydrin grafted with 4-cyano-4'-hydrobiphenyl, i.e., HPCN resin, was a kind of nematic liquid crystal polymer with typical schlieren texture (70-130 0 C) and other resins were semi-crystalline. The results of adsorption experiments showed that all five resins exhibited a higher adsorption capacity (>1.0 mmol/g) for Cu (II) and Hg (II) and medium adsorption ability for Cd (II), Zn (II), Pb (II) and Co (II), however, a poor adsorption capacity (<0.3 mmol/g) for Mg (II), indicating that this type of polyether resins have a better selective adsorption for above metal ions. In addition, the adsorption capacity of HPnCP resins was generally higher than that of HPd and HPCN owing to the existence of terminal pyrrole coordination groups in HPnCP resins.
Introduction
Polyether chelating resins [1, 2] and some chelating reins containing heterocyclic compounds with N heteroatom such as pyrrole and imidazole etc [3, 4] , have been widely studied owing to their well adsorption performance for transition metal ions and especially for some noble or heavy metal ions. So these chelating resins are widely applied in many fields, such as analytic chemistry, hydrometallurgy, sewage treatment and utilization of ocean resource etc [5] . The adsorption performance of chelating resins was mainly affected by the sort, content and cooperation effect of functional groups and other factors, which have been studied in the vast majority of papers about chelating resins [6] . In addition, Min-Li Xie et al [7] prepared a series of liquid crystalline poly(ethylenemine) chelating resins and preliminarily studied their adsorption performance under the different thermal state (liquid crystalline state and isotropic state), considering that the thermal state of resins may also have some influence on adsorption performance. It showed that the investigation on thermal properties of chelating resins was very necessary for further exploration on the factors influencing adsorption performance; however, so far, few correlative researches have been reported.
In this paper, a series of polyether chelating resins with polyepichlorohydrin (HPECH) main chain were designed and synthesized, which have pendent biphenyl mesogenic groups with (or without, as a comparison) terminal pyrrolyl ligands. These polyether chelating resins are expected to further improve adsorption capacity by the combination of well adsorption performance of polyether and pyrrolyl ligands, and further improve adsorption selectivity in virtue of the steric effect or ordered arrange of aryl groups in side chains [8] . At the same time, the chemical structure of chelating resins was characterized by IR and 1 H NMR detection, and the thermal properties were investigated by the Differential Scanning Calorimetry (DSC) and Polarizing Microscopy (POM). The adsorption performance of the original-state chelating resins (without being thermal treatment) is also firstly studied, which was preparative for the further investigation on adsorption performance of chelating resins under the different thermal state.
Results and discussion

Syntheses of monomers and grafting polymers
The synthetic route and structural formula of the resins is shown in Fig.1 , where nC and nCP (n=6,4,2) represented 4'-(n-bromoalkoxy)-4-hydroxy biphenyl and N-[n- (4- The melting point (T m ) and yield of above intermediate products are listed in Tab.1. In the previous report [13] , monomer 6CP was prepared by the reaction of N-(6-bromohexyl) pyrrole (which was firstly synthesized by the reaction of 1,6-dibromohexane with pyrrole) with 4, 4'-biphenyldiol, this synthetic method have a lower yield (57%) and complex purification. In this paper, 6CP was prepared by the reaction of 6C with pyrrolylsodium salt; the method resembled the synthesis of N-[6-(4-cyanobiphenyleneoxy) hexyl] pyrrole [14] and have a higher yield (87.3%) and relatively simple purification. [9] ,125 [10] 137-145 [11] 202-206 [9] ---------183 [12] The yield and substitution degree (calculated by 1 
Structural characterizations of the products
An example of the IR spectrum of HPECH and HP4CP is given in Fig. 2 . The spectrum of HPECH and the monomer are shown in the same figure for comparison. In the IR spectra of 4CP, the C-H stretching and wagging vibration peak in pyrrole ring were observed at 3100 cm -1 and 727 cm -1 respectively, indicating that the terminal bromine atom in 4C was substituted with pyrrolyl ring. In the IR spectra of HP4CP, all absorption peaks except the phenolic hydroxyl characteristic absorption peak (-OH, ~3390cm -1 ) in 4CP were observed, demonstrating that the monomer 4CP was successfully grafted to the polymer backbone.
In addition, 1 H NMR spectra of 4C, 4CP and HP4CP also gave satisfactory data corresponding to their expected molecular structures. Their 1 H NMR data were summarized as follows: 
Thermal properties and optical textures of the resins
The normalized second cooling and heating DSC curves of five grafting polymers are shown in Fig. 3 and the corresponding thermal data are listed in Tab.3.
All the normalized second heating and cooling curves of HP6CP, HP4CP and HP2CP resins ( Fig.3 -a,b,c) showed only a broad endothermic/exothermic peaks at about 75 0 C, which was different from glass transition stage. It can be assigned as melting/crystallizing process of samples, indicating that this kind of resins belonged to semi-crystalline substance and this was also confirmed by POM. The HPECH applied in experiments have higher molecular weight and T g (elastomer at room temperature), so its molecular main chains were more flexible than that of PECH (polyepichlorohydrin with lower molecular weight), whereas its mobility decreased greatly for its longer chains. Thus the main chains of HPECH have less disturbance on the ordered arrangement of mesogens in side chains than that of PECH, consequently the motion of main chains were yielded to the motion of side chains and the main chains became comparatively rigid under the higher substitution degree. At the same time, the ordered arrangement of mesogens in side chains became incomplete as a result of the disturbance of random motion in main chains, so the final grafting products exhibited semi-crystalline state in which crystalline state and amorphous state coexisted. The normalized second heating and cooling curve of HPd ( Fig. 3-d) showed only a broad endothermic/exothermic peak respectively at about 125 0 C. This indicated that HPd was a semi-crystalline polymer analogous to HPnCP resins.
The terminal cyano group (-CN) in 4-cyano-4'-hydrobiphenyl was a very strong polar group which can enhance mutual attraction among molecules in landscape orientation. So the mesogens have a stronger tendency to crystallization and higher melting point due to the strong polar group. Consequently, the DSC curve of HPCN (shown in Fig.3 -e) exhibited higher melting point (i.e., isotropic temperature, ~130 0 C) as a whole and liquid crystalline phase in a broader range of temperature (70 0 C ~130 0 C).
Crystallization stability of monomers nCP and d was not as good as that of 4-cyano-4'-hydrobiphenyl due to having no strong polar groups in molecules. Once the temperature of grafting products was above T g the segment of main chains began to move, which was prone to destroy the regular arrangement of mesogens in side chains, additionally there was no spacer between the main chains and mesogens, so HPnCP and HPd exhibited no liquid crystalline phase when temperature was above T g .
When HPnCP and HPd were heated to melting state and then cooled slowly to room temperature, the birefraction and color stripe texture in whole visual field can be clearly observed (HP4CP as an example, Fig. 4-a 
Adsorption performance of the resins for single metal ion
The static adsorption capacity of five resins for Mg (II), Cu (II), Cd (II), Zn (II), Hg (II), Pb (II) and Co (II) was determined respectively at the room temperature, and the results are listed in Tab. 4.
Tab. 4 showed that all five resins exhibited a higher adsorption capacity (>1.0 mmol/g) for Cu (II) and Hg (II) and medium adsorption ability for Cd (II), Zn (II), Pb (II) and Co (II), however, a poor adsorption ability (<0.3mmol/g) for Mg (II), indicating that this type of polyether resins have a better selective adsorption for above metal ions. At the same time, it can be found that adsorption capacity of HPnCP resins was generally higher than that of HPd and HPCN owing to the existence of terminal pyrrole coordination groups in HPnCP resins, additionally, adsorption capacity of HPnCP resins was increased with an increasing substitution degree (i.e., an increasing content of pyrrole groups). At present, a large numbers of studies have shown that the adsorption properties of chelating resins mainly depended on the sort of coordination atoms and groups, and adsorption selectivity depends largely on the properties of coordination atoms and metal ions [6] , i.e., the principle of hard and soft acids and bases (HSAB). HPnCP resins contained not only O coordination atoms in the main chain but also terminal pyrrole coordination groups in the side chain, where N atoms in pyrrole groups belonged to medium and partial soft Lewis bases which can be easily coordinated with medium and partial soft Lewis acids (such as Cu (II), Cd (II) and Pb (II) etc.). Whereas for HPd and HPCN, only O atoms in the main chain participated in coordination with metal ions, so their adsorption capacity was lower than that of HPnCP resins. Mg (II) belonged to hard Lewis acids which mainly coordinated with O atoms (hard Lewis bases) in the main chain of polyether resins, but it was difficult to approach O atoms in the main chain for Mg (II) owing to the hindrance from the bulky biphenyl groups in the side chain, consequently, this type of polyether resins exhibited a poor adsorption capacity for Mg (II). Additionally, the investigation for the effect of thermal state of chelating resins on adsorption performance was still in work.
Tab. 4. Adsorption capacity of chelating resins for various metal ions (mmol/g
Conclusions
A series of polyether chelating resins with pendent biphenyl mesogenic groups (nCP, d and CN) were synthesized, and the chemical structure of monomers and polymers were confirmed by IR and 1 H NMR detection. The thermal properties of synthesized resins were investigated by DSC and POM. The results of DSC detection showed that HPCN resin was liquid crystalline polymer (70-130 0 C) and other resins were semi-crystalline. This conclusion can be further confirmed by POM, and which also indicated that HPCN was a kind of nematic liquid crystal with typical schlieren texture. The polarity of mesogenic group has a great influence on thermal state of the resins: the mesogenic group with strong polarity terminal group (such as -CN) was favorable to formation of liquid crystalline phase. The results of adsorption experiments showed that all five resins exhibited a higher adsorption capacity (>1.0 mmol/g) for Cu (II) and Hg (II) and medium adsorption ability for Cd (II), Zn (II), Pb (II) and Co (II), however, a poor adsorption capacity (<0.3 mmol/g) for Mg (II), indicating that this type of polyether resins have a better selective adsorption for above metal ions. In addition, it can be found that adsorption capacity of HPnCP resins was generally higher than that of HPd and HPCN due to the existence of terminal pyrrole coordination groups in HPnCP resins and increased with an increasing substitution degree (i.e., an increasing content of pyrrole groups).
Experimental part
Materials
4,4'-Biphenyldiol, 1,4-dibromobutane, 1,6-dibromohexane, 1,2-dibromoethane, pyrrole, sodium hydride, dimethyl sulfoxide (DMSO), sodium ethylate, tetrabutyl ammonium bromide (TBAB), N,N-dimethylformamide (DMF), dimethyl sulfate, tetrahydrofuran (THF), 4-cyano-4'-hydrobiphenyl (CN) and polyepichlorohydrin with higher molecular weight (HPECH, Aldrich, M n =700,000g/mol) were all analytic grade reagents. HPECH was purified by precipitation with methanol from chloroform solution and the other above reagents (Sinopharm Chemical Reagent Co., Ltds, China) were purified according to standard procedures. 
Instruments and measurement
Fouries Transform IR measurements were performed on a Nicolet-170SX Spectrometer and samples were prepared as KBr pellets.
1 H NMR spectra were recorded at room temperature on a 300MHz Varian-Mercury VX-400H Spectrometer using CDCl 3 as the solvent and tetramethylsilane (TMS) as internal standard.
Thermal properties of the products were investigated by differential scanning calorimeter (DSC, Perkin Elmer Thermal Analysis). The samples were heated and subsequently cooled in the range between 0 and 200 0 C, heating and cooling rates were 10 0 C /min. After the first heating cycle, the samples were held at 200 0 C for 5 min to obtain identical thermal histories for all polymers before a second heating/cooling cycle, which was customarily regarded as the normalized DSC curves. The melting temperature (T m ) and the glass transition temperature (T g ) were measured at the peak and middle of the change in the heat capacity respectively.
The optical textures were inspected using a polarizing microscope (POM, Olympus BH-2) equipped with a Linkam THMSE 600 hot stage.
Synthesis
-Synthesis of intermediate products 4'-(6-Bromohexyloxy)-4-hydroxy biphenyl (6C): 0.04mol of 4, 4'-biphenyldiol and 0.04mol of 1, 6-dibromohexane were dissolved in 100 ml of ethanol. To this solution was added dropwise the NaOH (0.04mol) solution of 21 ml ethanol and 7 ml water in fluxing during 1 h. Then mixture was kept at the fluxing temperature and stirred for another 4 h. The reaction mixture was filtered while hot and solvent removed from the filtrate under reduced pressure, and the obtained solid was washed with 5% NaOH aqueous solution and water to neutral point (pH=7). Finally, the solid phase was dried and extracted with n-hexane and recrystallized from ethanol. FT The synthesis method of 4'-(4-bromobutyloxy)-4-hydroxy biphenyl (4C) and 4'-(2-bromoethyloxy)-4-hydroxy biphenyl (2C) were similar to that of 6C except that the dosage of 1,4-dibromobutane and 1,2-dibromoethane were 1.2 times and 1.4 times of 4,4'-biphenyldiol and reaction time increased to 7 h and 9 h respectively. N-[6-(4-hydrobiphenyleneoxy) hexyl] pyrrole (6CP):
Pyrrolylsodium salt was synthesized first [15, 16] :
A 0.05 mol amount of NaH was stirred in 20 ml of DMSO using a 100 ml two-necked flask fitted with a calcium chloride tube. Through a dropping funnel was added 0.05 mol pyrrole in 20 ml of DMSO, after the liberation of H 2 gas had ceased, the reaction mixture was stirred for an additional 2 h at room temperature. Pyrrolylsodium salt was dissolved in DMSO and formed caesious semitransparent solution, and it was used in the following reaction directly [13, 14] :
To a solution of pyrrolylsodium salt (0.05 mol) in DMSO (40ml) was added dropwise 0.01 mol of 6C in THF (50 ml) solution. The mixture was stirred at room temperature for 48 h, then water (400ml) was added and the mixture extracted with ether (2×100ml).The combined organic layer was washed with saturated Na 2 SO 4 solution (350 ml) and water (100 ml), then dried by anhydrous MgSO 4 . The solvent was removed under reduced pressure, and the obtained crude product was washed with n-hexane and recrystallized from ethanol. Finally, the silver gray crystal product (6CP) was obtained. FT 08 mol) was dissolved into a 10% aqueous sodium hydroxide (80 ml) under cooling. To this solution was added dropwise dimethyl sulfate (10.0 g, 0.08 mol) during 8 h at 0 0 C. The formed solid was separated by suction and heated in a 10% sodium hydroxide solution (80ml).The mixture was boiled for a short period of time and the formed solid upon cooling was collected by filtration and again dissolved in boiling water (400 ml). The solution was filtered while hot and the filtrate was acidified with 20% hydrochloric acid at 70 0 C. Finally, the formed solid on cooling was collected and purified by repeated recrystallization from ethanol.
Synthesis of target products
The sodium salts of monomers (nCP, d and CN) were prepared by modification of the method described previously [17] using an exchange reaction in dry ethanol containing sodium ethoxide. Ethanol was removed under vacuum and the salts were dried in vacuum.
DMF was treated with potassium hydroxide, then dried by azeotropic distillation with benzene and distilled under reduced pressure.
10.8 mmol of HPECH was dissolved in DMF (60 ml), and then sodium salt of monomer (11.9 mmol) and TBAB (1.18 mmol) were added. The reaction mixture was stirred at 60 0 C under a dried nitrogen stream for 92 h and centrifuged to remove sodium chloride, and then the filtrate was poured into methanol. The obtained crude polymer was purified by precipitation several times from THF solution into methanol and finally dried under vacuum at 60 0 C for 48 h [18] [19] [20] [21] . 
Adsorption
Determination of static adsorption capacity of resins: 50 mg of chelating resin weighed accurately was added into 20 ml of buffer solution containing a metal ion (~0.05mol/l), and the mixture of resin and metal ion were shaken for 4h. It was kept in static for 12 h, then continue shaken for 2 h. The resin was filtered off, and the concentration of metal ion was analyzed with the method of EDTA titration. The adsorption capacity can be calculated according to the change of metal ionic concentration before and after adsorption. The adsorption capacity of resins was calculated as the following formula (1):
where Q is adsorption capacity of resin (mmol/g), C 0 and C are the initial concentration and residual concentration of metal ion before and after adsorption respectively (mol/l), V is the total volume of metal ion solution (ml), and W is the mass of dry resin (g).
